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(54) A device incorporating a tunable thin film bulk acoustic resonator for performing amplitude 
and phase modulation 



(57) A Bulk Acoustic Wave (BAW) resonator (20) is 
provided which comprises a piezce ectric layer (22); a 
first and second protective layer (35b a), a first electrode 
(24), a second electrode (26). a bridge (also referred to 
as a "membrane" (23). a pair of etch windows (40a, b), 
an air gap (34). and a substrate (35). A portion of the 
piezoelectric layer (22) is pos.tionec atop the first elec- 
trode (24) and the second electroce (26) is positioned 
atop the piezoelectric layer (22) the'eby forming a par- 
allel plate structure between which the piezoelectric lay- 
er (22) is allowed to resonate or vibrate. The piezoelec- 
tric layer (22) comprises, by example, zinc oxide (ZnO), 
and has a thickness of 1 .7 urn. The electrodes (24,26) 
comprise, by example, gold (Au) and have thicknesses 
of 0.1 um 

The membrane (28) comprises two layers (30,32) 
namely a top layer (30) and a bottom layer (32). The top 

layer (30). which preferably has a thickness of 0.6 p.m 



and comprises poly-silicon, has a top surface which is 
in contact with the first electrode (24) and portions of the 
piezoelectric layer (22). The top layer (30) is situated 
atop a portion of the bottom layer (32) : which preferably 
has a thickness of 0.4 urn and is comprised of silicon- 
dioxide (Si0 2 ). 

A portion of a bottom surface of the membrane (2S) 
is situated adjacent to the air gap (34), which separates 
this portion of the membrane's bottom surface from a 
portion of the substrate (35) This air gap (34), which is 
typically filled with air but any suitable material may be 
used, is formed by etching a portion of the substrate 
(36). The air gap (34) is bounded by the etch windows 
(40a,b), by a portion of the first protective layer (38b), 
by the bottom surface portion of the membrane (28), and 
by inner faces (36b, c,d) of the substrate (36). The air 
gap (34) functions to isolate acoustic vibrations created 
by the piezoelectric layer (22) from the substrate (36). 
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Description 

The present invention relates tc bulk acoustic res- 
onators and. in particular, the invention relates to bulk 
acoustic resonators for amplitude modulating and 
phase modulating signals. 

It is known in the art to provide tunable Bulk Acous- 
tic resonators. U.S. Patent No. 5.446,306, issued to 
Stokes et al. discloses a Thin Film Voltage-Tuned Sem- 
iconductor Bulk Acoustic Resonator. This device com- 
prises a piezoelectric film positioned between a first and 
a second electrode. The second electrode is positioned 
adjacent to a substrate containing a via hole. In re- 
sponse to a variable voltage source applying a DC bias 
voltage to the electrodes, an electric field is created be- 
tween the electrodes within the piezoelectric film. As a 
result, the piezoelectric film vibrates at a frequency that 
is different than its unbiased resonant frequency. The 
resonant frequency of the SBAR can be varied by ad- 
justing the DC bias voltage. 

U.S. Patent No. 5,153,476, issued to Kosinski, dis- 
closes biasing electrodes on a piezoelectric acoustic vi- 
brator for altering the sensitivity of the acoustic vibrator 
and compensating for acoustic stresses applied to the 
acoustic vibrator. The biasing electrodes can be ener- 
gized by a static DC voltage source, or can be used in 
a dynamic biasing arrangement to provide instantane- 
ous compensation for changing environmental condi- 
tions. 

U.S. Patent No. 5,166,646, issued to Avanic et al., 
discloses an integrated tunable resonator including a 
common semiconductor carrier upon which is formed an 
integrated voltage variable capacitor. A bulk acoustic 
wave resonator is formed on the common semiconduc- 
tor carrier and is coupled to the voltage variable capac- 
itor. A thin film resonator is coupled to the voltage vari- 
able capacitor both of which are formed on a common 
semiconductor substrate. These three elements provide 
a tunable integrated resonator. 

Another disclosure which may be relevant to the in- 
vention is an article entitled "Multi-Layered Ultrasonic 
Transducers Employing an Air Gap", IEEE Transactions 
on Ultrasonics, Ferroelectrics, and Frequency Control, 
Vol. 42, No. 3, May 1995, by Susumu Yoshimoto, Ma- 
samichi Sakamoto : Ken-Ya Hashimoto and Masatsune 
Yamaguchi. The article discloses a multilayered ultra- 
sonic transducer having an air gap. 

Although tunable resonators are known in the art. 
the inventor is unaware of any Bulk Acoustic Wave 
(BAW) resonator for performing amplitude modulation 
and phase modulation of carrier signals. 

One advantage of this invention is to provide a de- 
vice incorporting a tunable Bulk Acoustic Wave (BAW) 
resonator for amplitude modulating a signal of interest. 

Another advantage of this invention is to provide a 
device incorporating a tunable Bulk Acoustic Wave 
(BAW) resonator for phase modulating a signal of inter- 
est. 
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Further advantages of this invention will become 
apparent from a consideration of the drawings and en- 
suing description. 

The foregoing and other problems are overcome 

5 and the acvantages of the invention are realized by a 
device incorporating a tunable Bulk Acoustic Wave 
(BAW) resonator (also referred to as a "Thin Film Acous- 
tic Resonator (F3AR)" for amplitude modulating and 
phase modulating carrier signals in response to an ap- 

io plication of a modulating low frequency signal to the 
BAW resonator. 

According to one aspect of the invention, a BAW 
resonator is provided which comprises a piezoelectric 
layer, a first and a second protective layer, a first elec- 

*5 trode, a seccnd electrode, a bridge (also referred to as 
a "membrane"), a pair of etch windows, a gap, and a 
substrate. A portion of the piezoelectric layer is posi- 
tioned atop the first electrode, and the second electrode 
is positioned atop the piezoelectric layer, thereby form- 

20 ing a parallel plate structure between which the piezoe- 
lectric layer is allowed to resonate or vibrate. The pie- 
zoelectric layer comprises, by example, zinc-oxide 
(ZnO), and has a thickness of 1.7 jam. The electrodes 
comprise, by example, gold (Au) and have thicknesses 

25 of 0.1 urn. 

In a preferred embodiment of the invention, the 
membrane comprises two layers, namely a top layer 
and a bottom layer. The top layer, which preferably has 
a thickness of 0.6 ujn and comprises poly-silicon, has a 

30 top surface which is in contact with the first electrode 
and portions of the piezoelectric layer. The top layer is 
situated atop a portion of the bottom layer, which pref- 
erably has a thickness of 0.4 u.m and is comprised of 
silicon-dioxide (Si0 2 ). 

35 a portion of a bottom surface of the membrane is 
situated acjacent to the gap, which separates this por- 
tion of the membrane's bottom surface from a portion of 
the substrate. The gap, which is typically filled with air 
but any suitable material may be used, is formed by 

^0 etching a portion of the substrate. The air gap is bound- 
ed by the etch windows, by a portion of the first protec- 
tive layer, by the bottom surface portion of the mem- 
brane, and by inner faces of the substrate. The air gap 
functions to isolate acoustic vibrations created by the 

■*s piezoelectric layer from the substrate. 

The first protective layer, which has a thickness of 
0.4 u.m and comprises Si0 2 , covers a top face of the 
substrate and portions of the air gap. The second pro- 
tective layer covers the first protective layer, portions of 

50 the membrane, portions of the piezoelectric layer, and 
portions of the top electrode. The etch windows and por- 
tions of the first and second electrodes are exposed to 
the air. The second protective layer preferably has a 
thickness of 0.2 u.m and comprises Si0 2 . 

55 The etch windows are formed within the first and 
second protective layers on opposite sides of the mem- 
brane from one another. Through the etch windows, ma- 
terial is etched from the substrate to form the air gap, 
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alter the membrane has been formed on the substrate 

In accordance with another aspect of the invention, 
the air gap may be created by using a sacrificial layer 
instead of by etching the substrate. For example, during 
fabrication of the resonator, a sacrificial layer is depos- 
ited over the substrate prior tc the deposition of the lay- 
ers forming the nemorane. Then, after all layers of the 
resonator have beer formed, the sacrificial layer may 
be removed through the etch windows to form the air 
gap. In this manner, no etching of the substrate needs 
to be done to create the air gap. 

In another embodiment of the invention, a BAW res- 
onator is provided which is similar to the BAW resonator 
of the previous embodiment, except that only one pro- 
tective layer is provided, and the membrane and the air 
gap are replaced with an acoustic mirror. 

According toanother aspect of the invention, a BAW 
resonator is provided which comprises a piezoelectric 
layer, a top electrode a bottom electrode, a membrane, 
and a substrate having a via. The membrane is formed 
as part of the substrate located adjacent to the via. 

In accordance with another aspect of the invention, 
a method for fabricating a Bulk Accustic Wave (BAW) 
resonator is provided. The method comprises the steps 
of ( A) forming a 7inc-oxide (ZnO) layer on a selected 
portion of a substrate; (B) forming a first layer of Si0 2 
on a selected portion of the layer formed by step A; (C) 
forming a second layer of Si0 2 on a selected portion of 
the layer formed by step B and on selected portions of 
the substrate: (D) forming a bottom electrode layer on 
a selected portion of the layer formed by step C; (E) 
forming a piezoelectric layer on selected portions of the 
layers formed in steps C and D; (F) depositing Si0 2 over 
selected por.ions of the layers formed by steps C, D and 
E; (G) depositing aluminum nitride (AIN) over the Si0 2 
deposited by step F: (H) patterning the Si0 2 and the AIN 
deposited by steps F and G to form a third layer of Si0 2 
and a layer of AIN. respectively; (H) forming a top elec- 
trode layer on selected portions of the layer of AIN and 
on a selected portion of the piezoelectric layer formed 
by step E; and (H) removing the ZnO layer formed by 
STEP A to form an air gap. 

In accordance with a further aspect of the invention, 
circuits for amplitude modulating and phase modulating 
RF carrier signals are provided. A first circuit includes a 
BAW resonator connected in parallel with two circuit 
branches A first one of the branches comprises a first 
generator for generating an RF carrier signal, a band- 
pass filter, and a low frequency blocking capacitor. The 
second branch comprises a second generator for gen- 
erating a modulating signal, a low pass filter, and an RF- 
choke. The resonator has parallel and series resonanc- 
es which shift in frequency in response to an applied low 
frequency signal. 

In an exemplary application in which the circuit is 
being employed to amplitude modulate an RF signal, the 
circuit operates as follows. The generator generates an 
RF carrier signal having a frequency that is preferably 



within a frequency range in which the resonator exhibits 
a minimal phase shift response. After the RF carrier sig- 
nal is generated, it is filtered by the bandpass filter, and 
is then applied to a low frequency blocking capacitor, 

s which olocKs any attendant DC signals. 

The second generator, which is a variable voltage 
source, generates a low frequency DC modulating sig- 
nal having a voltage which varies over time. This signal 
is then filtered by the lowpass filter, and is thereafter ap- 

io plied to an RF-choke which blocks any attendant RF sig- 
nals. The RF-choke then provides the low frequency sig- 
nal to the remaining portion of the circuit comprising the 
resonator. 

As the low frequency signal traverses the remaining 
*s portion of the circuit, the resonator has a time-varying 
voltage appliec across its electrodes as a result of the 
signal. Tne voltage creates a varying electric field within 
a piezoeiectnc material located between the electrodes. 
The electric field causes the piezoelectric material to 
compress or expand depending on the polarity of the 
voltage, causing a time-varying frequency shift of the 
series and parallel resonant frequencies and of the im- 
pedance exhibited by the resonator. The shifts cause 
the strength of the RF carrier signal to be attenuated by 
varying amounts over time {i e , the signal experiences 
a time-dependent changing insertion loss), resulting in 
an amplitude modulation of the carrier signal. 

A second circuit comprises similar elements to 
those of the first circuit, except that the resonator is se- 
ries-connected within the circuit, and an additional coil 
(e.g., an RF-choke which provides grounding forthe low 
frequency signal) is included within the circuit. The sec- 
ond circuit also amplitude modulates signals. 

The first and second circuits may also be employed 
to phase modulate carrier signals. For this application, 
the circuits operate in a manner similar to that for the 
amplitude modulation application. However for the first 
circuit, the RF carrier is generated to have a frequency 
which is preferably approximately equal to the parallel 
resonant frequency of the parallel-connected resonator. 
This frequency is one at which the resonator yields its 
maximum phase shift response as a result of the effect 
of the modulating low frequency signal on the resonator. 
As such, an application of the carrier signal to the reso- 
nator causes a phase shift to occur to the signal. Simi- 
larly, for the second circuit, wherein the resonator is con- 
nected in series, an RF signal is generated which has a 
frequency that is approximately equal to the series res- 
onant frequency of the resonator. This is the frequency 
of which the resonator yields a maximum phase shift in 
response to the modulating low frequency signal. In this 
manner ah application of the RF carrier signal to the res- 
onator of causes a phase shift to occur to the carrier 
signal. 

The above set forth and other features of the inven- 
tion are made more apparent in the ensuing Detailed 
Description of the Invention when read in conjunction 
with the attached Drawings, wherein: 



25 



30 



35 



40 



45 



SO 



3 




Figure la illustrates a circul incorporating a paral- 
lel-connected Bulk Acoustic Wave (BAW) resonator for 
amplitude modulating and phase modulating signals. 

Figure 1b illustrates a c rcuit including a series-con- 
nected BAW resonator for amplitude modulating ard 
phase modulating signals 

Figure 2a illustrates a cross-section A-A of a BAW 
resonator that is constructed in accordance with ore 
embodiment of the invention wherein the BAW resona- 
tor incorporates a merrbrane and an air gap. 

Figure 2b illustrates a top view of the BAW resona- 
tor of Figure 2a. 

Figure 3 illustrates a BAW resonator that is con- 
structed in accordance with an embodiment of the in- 
vention incorporating a substrate via hole. 

Figure 4 illustrates an equivalent circuit of the res- 
onator of Figure 3 

Figure 5 illustrates a resonator that comprises a v : a 
and a membrane that is ^ormed by a portion of a sub- 
strate. 

Figure 6 illustrates a pnor art embodiment of a voy- 
age controlled oscillator incorporating a resonator a 
variable voltage capacitor, and an active device. 
Figure 7 illustrates a voltage controlled oscillator com- 
prising a resonator and an active device 

Figure 5 illustrates an equivalent circuit of a prior art 
embodiment of a tunable resonator which is connected 
in series with a tunable capacitor. 

Figure 9 illustrates an equivalent circuit of a prior art 
embodiment of a tunable resonator which is connected 
in parallel with a tunable capacitor. 

Figure 1 0 illustrates an equivalent circuit of a tuna- 
ble resonator 

Figure 1 1 illustrates chase and amplitude curves of 
a one port BAW resonator in response to an application 
of bias voltages of -26 volts 0 volts, and +28 volts. 

Figure 12a illustrates a portion of the curves of Fig- 
ure 11, showing in particular the portion of the curves 
where the series resonance of the BAW resonator oc- 
curs. 

Figure 12b illustrates shows a portion of the curves 
of Figure 11 , showing a 'portion of the curves where the 
parallel resonance of the resonator occurs. 

Figure 13a shows a frequency response of a two 
port BAW resonator which is connected in parallel. 

Figure 1 3b illustrates a irequency response of a two 
port BAW resonator which is connected in parallel- 
Figure 1 3c illustrates a frequency response of a two 
port series-connected BAW resonator. 

Figure 1 3d illustrates a frequency response of a two 
port series-connected BAW resonator. 

Figure 14a illustrates a frequency response of a se- 
ries-connected resonator in response to applied DC-bi- 
as voltages of +26V, OV. and -2SV. 

Figure 14b illustrates a measured spectrum of the 
resonator of Figure 1 4a in response to an RF carrier sig- 
nal having a frequency of 951 MHz and a low frequency 
modulating signal having a frequency of 600KHz and an 



6 

amplitude of 5 Vpp 

Figure 1 5a illustrates a cross section A-A of a BAW 
resonator as it appears after a first step of a fabrication 
process performed in accordance with the invention. 
5 Figure 15b illustrates a cross-section A-A of the 

BAW resonator of Figure 1 5a as it appears after a further 
step of the fabrication process ot Figure 15a. 

Figure 1 5c illustrates a top view of the BAW reso- 
nator of Figure 15b 
10 Figure 15d illustrates a cross-section B-B of the 
BAW resonator of Figure 1 5b. 

Figure 16a illustrates a cross-section A-A of the 
BAW resonator of Figure 15a as it appears after a further 
step of the fabrication process of the invention. 
1* Figure 16b illustrates a top view of the BAW reso- 

nator of Figure 16a. 

Figure 16c illustrates a cross-section B-B of the 
BAW resonator of Figure 16a. 

Figure 17a illustrates a cross-section A-A of the 
20 BAW resonator of Figure 1 6a as it appears after a further 
step of the fabrication process of the invention. 

Figure 17b illustrates a top view of the BAW reso- 
nator of Figure 17a. 

Figure 17c illustrates a cross section B-B of the 
25 BAW resonator of Figure 1 7a 

Figure 1 7d illustrates a detail of a portion of the BAW 
resonator of Figure 17c 

Fig 18a illustrates a cross section A-A of the BAW 
resonator of Figure 1 7a as it appears after a further step 
30 of the fabrication process of the invention. 

Figure 1 Sb illustrates top view of the BAW resonator 
of Figure 18a. 

Figure 18c illustrates a cross-section B-B of the 
BAW resonator of Figure 13a. 
35 Figure 19a illustrates a cress-section A-A of the 
BAW resonator of Figure 1 3a as it appears after a further 
step of the fabrication process of the invention. 

Figure 19b illustrates a top view of the BAW reso- 
nator of Figure 19a. 
40 Figure 19c illustrates a cross-section B-B of the 
BAW resonator of Figure 19a. 

Figure 20 illustrates a cross-section of a BAW res- 
onator that is constructed in accordance with an embod- 
iment of the invention incorporating a sacrificial layer. 
^5 Figure 21 illustrates a BAW resonator that is con- 
structed in accordance with an embodiment of the in- 
vention incorporating an acoustic mirror. 

Figure 22 illustrates a table showing various thick- 
nesses of a layer formed over various types of wafers 
50 in accordance with the fabrication process of the inven- 
tion. 

Figure 23 illustrates a table showing various thickness- 
es of a tuning layer which may be formed in accordance 
with the fabrication process of the invention, wherein the 
55 thicknesses are shown to correspond to various types 
of wafers. 

Figures 2a and 2b illustrate a cross-section A-A 
(side view) and a top view, respectively, of a Thin Film 
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Bulk Acoustic Wave Resonator (hereinafter referred to 
as a "BAW resonator" or as an 'F3AR") 20 that is con- 
structed in accordance with one embodiment of the in- 
vention. The BAW resonator 20 comprises a piezoelec- 
tric layer 22, a first protective layer 35b. a second pro- 
tective layer 38a, a first electrode 24. a second electrode 
26, a membrane 28. etch windows ^0a and 40b. an air 
gap 34, and a substrate 36. A potion ot the piezoelectric 
layer 22 is situated atop the first electrode 24, and the 
second electrode 26 is situated atop a portion of the pi- 
ezoelectric layer 22. In this manner, the electrodes 24 
and 26 form a parallel plate structure between which the 
piezoelectric layer 22 is allowec to resonate or vibrate. 

The piezoelectric layer 22 rray be comprised of any 
piezoelectric material that can oe fabricated as a thin 
film such as, by example, zinc-oxide (ZnO). or alumi- 
num-nitride (AIN). In a preferred embodiment of the in- 
vention, the piezoelectric layer 22 has a thickness of ap- 
proximately 1.7jim. 

The first and second electrodes 24 and 26 may be 
comprised of any type of conductive material such as, 
by example, gold (Au). Each of the first and second elec- 
trodes 24 and 26 is preferably C 1 urn thick. 

The membrane (also referred to as a "bridge" or as 
a "supporting layer") 28 may comprise one or more lay- 
ers. In a preferred embodimert of the invention, the 
membrane 28 comprises two layers, a top layer 30 
which is approximately O.Sjam thick, and a bottom layer 
32 which is approximately 0.4 urn thick. The top layer 
30, which has a top surface in contact with the first elec- 
trode 24 and with portions of the piezoelectric layer 22, 
as is illustrated in Figure 2a. is situated atop the bottom 
layer 32. The top layer 30 is preferably comprised of po- 
ly-silicon (poiy-si) or aluminum-nitnde (AIN). and the 
bottom layer 32 is preferably comprised of silicon-diox- 
ide (Si0 2 ) or gallium arsenide (GaAs). However, these 
layers may be comprised of any other suitable materials. 

A portion of a bottom surface of the membrane 28 
is situated adjacent to the air gap 34. which is formed 
within a portion of the substrate 36. The air gap 34 sep- 
arates the bottom surface portion of the membrane 28 
from a portion of the substrate 36. The air gap 34 is 
bounded by the etch windows 40a and 40b (to be de- 
scribed below), by a portion of the first protective layer 
38b (to be described below), by a bottom surface of the 
membrane 28, and by inner faces 36b, 36c, and 36d of 
the substrate 36. The air gap 34 functions to acoustically 
isolate vibrations produced by the piezoelectric layer 22 
from the substrate 36. 

The substrate 36 may be comprised of any suitable 
materials such as, by example, silicon (Si) ; Si0 2 , GaAs, 
or glass. 

The first protective layer 38b covers a top face 36a 
of the substrate 36 and portions of the air gap 34. A sec- 
ond protective layer 38a covers: (1) the first protective 
layer 38b, (2) portions of the membrane 28. (3) portions 
of the piezoelectric layer 22. and (4) portions of the top 
electrode 26, as can be appreciated in view of Figures 



2a and 2b. The etch windows 40a and 40b and portions 
of the first and second electrodes 24 and 25 a re exposed 
to air. Preferably, the first protective layer 38b is com- 
prised of Si0 2 and has a thickness of 0.4am, and the 
s second protective layer 38a is comprised of Si0 2 and 
has a thickness of 0.2 jam 

As can be appreciated in view of - igures 2a and 2b. 
the etch windows 40a and 40b are formed within the first 
and second protective layers 38a and 3Sb on opposite 
10 sides of the membrane 28 from one another. The etch 
windows 40a and 40b are created during the fabrication 
of the resonator 20. Through the etch windows 40a and 
40b, a portion of the substrate 36 is etched to form the 
air gap 34 after the membrane layers have been depos- 
es ited over the substrate 22. 

In accordance with another aspect of the invention, 
the air gap 62 may be created by using a sacrificial layer 
39 instead of by etching the substrate 36. Referring to 
Figure 20, for example, a BAW resonator 21 similar to 
the one illustrated in Figure 2a is shown, with an addition 
of the sacrificial layer 39. During fabrications of the res- 
onator 21 , the sacrificial layer 39 is deposited over the 
substrate 36 prior to the deposition of the membrane 28. 
After all layers of the resonator 21 have been formed, 
the sacrificial layer 39 is removed through the etch win- 
dows 40a and 40b to form the air gap 34. In this manner, 
no etching of the substrate needs to be done to create 
the air gap 34. Accordingly, substrates may be em- 
ployed which comprise various types of materials in- 
cluding, by example, Si0 2 , GaAs, glass, and ceramic 
materials. 

For each of the resonators 20. and 2 1 . when a volt- 
age is applied across the first and second electrodes 24 
and 26, an electric field is created between these elec- 
trodes 24 and 26 causing the piezoelectric layer 22 to 
vibrate. The acoustic vibrations produced by the piezo- 
electric layer 22 propagate from the vibrating piezoelec- 
tric layer 22 through the membrane layers 30 and 32. 
Vibrations reaching the interface between the mem- 
brane 26 and the air gap 34 are reflected by this inter- 
face back into the membrane 28 In this manner, the air 
gap 34 isolates vibrations produced by the piezoelectric 
layer 22 from the substrate. 

In another embodiment of the invention, which is il- 
lustrated in Figure 21, a BAW resonator 23 is shown. 
This resonator 23 has a similar structure as that of the 
previous embodiment, except that only a single protec- 
tive layer 38a is provided, and the membrane 28 and 
the air gap 34 are replaced with an acoustic mirror 70 
which acoustically isolates vibrations produced by the 
piezoelectric layer 22 from the substrate 36. This reso- 
nator 23 is also referred to a "Solidly Mounted Resona- 
tor (*SMR"). 

The protective layer 38a comprises, by example, 
Si0 2 of a thickness of 0. 2u.m. The acoustic mirror 70 may 
comprise one or more layers. In a preferred embodiment 
of the invention, the acoustic mirror 70 comprises three 
layers, namely a top layer 70a. a middle layer 70b, and 



25 



30 



35 



40 



45 



50 



5 




9 EP 0 834 ! 

a bottom layer 70c, aincugh additional layers may be 
employed. Each layer 70a, 70b and 70c has a thickness 
that is, by example, approximately equal to one quarter 
wavelength. In a preferred embodiment of the invention, 
the top layer 70a and bottom layer 70c are comprised 5 
of materials having low acoustic impedances such as. 
by example, silicon (5i'». poly-silicon, aluminum (Al\ or 
a polymer Also in the preferrec embodimeni of the in- 
vention, the middle layer 70b is comprised of a material 
having a high acoustic impedance such as. by example. 10 
Gold (Au), Molybdenum (Mo), or tungsten (W). As such, 
the acoustic impedance of the middle layer 70b is great- 
er than the acoustic impedance of the lop layer 70a. 
Similarly, the acoustic impedarce of the middle layer 
70b is greater than the acoustic impedance of the -act- 
torn layer 70c. When the piezoelectric layer 22 vibrates, 
the vibrations it produces are substantially isolated from 
the substrate 34 by the layers 7Da : 70b and 70c Being 
that the vibrations are isolated in this manner, the sub- 
strate 34 may be comprised of a material having a low 20 
impedance such as, by example. Si. Si0 2 . GaAs. glass 
or a ceramic material. 

The SAW resonator 20 is structurally rugged, per- 
mitting high production yields and easier packaging. In 
addition, the resonator has a small size, thereby permit- 25 
ting compact resonator layouts on wafers. 

In a further embodiment of the invention, a resona- 
tor 50 is provided. A cross-sect on of this resonator =0 
is shown in Figure 3. The resonator 80 comprises a pi- 
ezoelectric layer 82, which is situated between a portion 30 
of a top electrode 84 and a portion of a bottom electrode 
86. The resonator 80 also comprises a membrane 58. 
and a substrate 90 having a via 92. The membrane E8 
has a top surface that is positscned adjacent to (!) a 
bottom surface of the bottom electrode 86. (2) a portion 35 
of a bottom surface of the piezoelectric layer 82 and (3) 
a portion of a bottom surface of the top electrode 54. A • 
bottom surface of the membrane 38 is positioned adja- 
cent to a top surface of :he substrate 90 and to a portion 
of the via 92 formed within the substrate 90. An equiv- *o 
alent circuit of the resonator 80 is illustrated in Figure 4 

The resonator 60 functions in a similar manner to 
the resonator 20 described above in that both of these 
devices employ air interfaces (i.e., air gap 34 of resona- 
tor 20 and via 92 of resonator 80) to reflect acoustic vi- 45 
brations produced by the respective piezoelectric layers 
22 and S2. A primary difference between these resona- 
tors 20 and 80, however, is the method employed for 
fabricating the respective air interfaces. For example, 
during the fabrication process of resonator 80, after ma- 50 
terials are deposited forming each of the top electrode 
84, the bottom electrode 96, the piezoelectric layer 82, 
and the membrane S&, a portion of the substrate is then 
etched away from underneath the substrate 90 to form 
via 92. 55 

The membrane 55 may be comprised of, by exam- 
ple, poly-Si or Si0 2 . The piezoelectric layer 82. the elec- 
trodes S4 and 86, and the substrate 90 may be com- 
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prised of materials that are similar to those of the same 
respective components of resonator 20 The size of the 
via 92 depends upon the area of the resonator 80 and 
the thickness of the substrate 90. By example, for a case 
in which the resonator 60 has an area of 200u/n X 
200u.rn, and wherein substrate 90 is comprised of Si with 
a thickness of SOOum, the via 92 area is approximately 
900u.ni X 900um 

In accordance with another embodiment of the in- 
vention, which is not illustrated, a resonator is provided 
which has the same elements as resonator 80. For this 
embodiment of the invention, however, no membrane is 
provided and, as such, the bottom surface of the bottom 
electrode, the portion of the bottom surface of the pie- 
zoelectric layer, and the portion of the bottom surface of 
the top electrode are situated directly atop the top sur- 
face of the substrate and the portion of the via. 

Figure 5 illustrates a further embodiment of the in- 
vention wherein a resonator 80' is provided which com- 
prises a top electrode 84', a piezoelectric layer 82', a 
bottom electrode 86', and a substrate 90' comprising a 
via 92' and a membrane 88'. These elements are posi- 
tioned relative to one another in a manner that is similar 
to the same respective elements of resonator 80 : except 
that membrane 88* is formed by a portion of the sub- 
strate located underneath a portion of the piezoelectric 
layer 82' and a portion of the bottom electrode 86'. The 
membrane 88' is formed by removing a portion of the 
substrate by, for example, etching substrate material 
from underneath the substrate 90' in a similar manner 
to that described above. However, a portion of the sub- 
strate 90' which is located adjacent to the portion of the 
piezoelectric layer 82' and to the portion of the bottom 
electrode 86' is left un-etched during the fabrication 
process to form the membrane 88'. The resonator 80' 
functions in a similar manner to the resonator 80 of Fig- 
ure 3. 

Similar to known types of resonators (e.g., crystal 
resonators, etc.), each of the resonators of the previous- 
ly described embodiments exhibits two distinct resonant 
frequencies, namely a series resonant frequency and a 
parallel resonant frequency. 

These resonant frequencies are determined by the 
thicknesses of the individual layers forming the resona- 
tors, as well as by the acoustic impedances of the ma- 
terials forming these layers. For example, thinner reso- 
nators exhibit higher resonant frequencies than those 
exhibited by thicker resonators. 

Also, resonators having layers comprising materi- 
als with low acoustic impedances resonate at higher fre- 
quencies than resonators comprised of layers having 
higher acoustic impedances. By example, a resonator 
having a construction similar to the one shown in Figure 
2a, but having a piezoelectric material 22 comprised of 
ZnO with a thickness of 2ujti, and a layer 32 comprised 
of Si that is 0.4 urn thick, resonates at a higher frequency 
than a resonator comprised of similar materials but hav- 
ing a layer 32 that is comprised of Si0 2 having a thick- 
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ness of 0.4um This is due to the fact that Si has a lower 
acoustic impedance than Si0 2 , and ihus longitudinal 
mode acoustic waves travel with greater velocities in Si 
than in Si0 2 - 

Also, resonators having thinner piezoelectric mate- 
rials and thicker membranes relative toother resonators 
have smaller effective coupling coefficients than the oth- 
er resonators, and have series and parallel resonant fre- 
quencies that are closer to one another on the frequency 
spectrum than those of the other resonators. As such, 
for an exemplary application wherein one or more of the 
BAVV resonators of the instant invention is employed n 
a filter application, the filter can exhibit a narrow band- 
width. 

Each of the BAW resonators of the invention also 
has a characteristic acoustic impedance which corre- 
sponds to the area of the resonator. By example, reso- 
nators having large areas have lower characteristic im- 
pedances than those having smaller areas. 

Having described a number of aspects of the inven- 
tion, a further aspect of the invention, namely a process 
for fabricating a BAW resonator, will now be described 

The initial steps of the process can be understood 
in view of Figures 1 Sa-1 5d, wherein various cross-sec- 
tions of a substrate 42 and a ZnO layer 44 are shown 
In the example shown in Figure 1 5a : the substrate 42 is 
comprised of glass and has a thickness of 100mm As 
a first step of the fabrication process, ZnO is sputtered 
over the substrate 42. Using a mask layer #1 (not illus- 
trated), the ZnO is then patterned by wet etching to form 
a "cushion" having a thickness that is, by example, from 
500nm to 1000nm, depending on the type of wafers 
used, as is shown in the table of Figure 22. Thereafter, 
the ZnO is etched to form gently sloped cushion edges 
which form sides of the ZnO (cushion edges 44a and 
44b are shown). In this manner, a first ZnO layer 44 is 
formed. 

Next, Si0 2 (e.g., PECVD Si0 2 ) is deposited over 
the first ZnO layer 44. Then, the deposited Si0 2 is pat- 
terned by etching in fluorine plasma (hereinafter referred 
to as "F plasma") using a mask layer #2 (not illustrated). 
Then, the protective photoresist is removed in oxygen 
plasma. The patterning step forms a "tuning layer" 46 
or a "first Si0 2 layer 0 . The tuning layer 46 is shown in 
Figure 15b, and may have the various- exemplary thick- 
nesses shown in Figure 23 depending on the type of 
wafer used. 

As a next step, Si0 2 (e.g., PECVD Si0 2 ) is depos- 
ited over the tuning layer 46 and selected portions of the 
substrate to form a second Si0 2 layer 48 having a thick- 
ness of, by example, 400nm. It should be noted that for 
the purposes of providing a clear description, tuning lay- 
er 46 and layer 48 of Si0 2 are collectively referred to as 
the °Si0 2 layer 48"' in the remaining portion of this de- 
scription of the fabrication process. Also, these layers 
are collectively labelled by the numeral "48" in Figures 
15c to 19c. 

A next step of the process includes sputtering a me- 



ialhc element such as, by example, Molybdenum (Mo) 
over the Si0 2 layer <t8\ The Mo is then patterned by 
etching in F plasma using a mask layer #3 to form a first 
layer portion of a bottom electrode (hereinafter referred 
5 lo as a "first bottom electrode potion - ) 50. The pattern- 
ing step is performed so that a sice 50b of ihe first bot- 
tom electrode portion 50 is horizcr.tally separated from 
a corner edge 48a of a top suriace of layer 48' by a dis- 
tance of about 20mm. This can be appreciated in view 
io of Figure 17d which illustrates various dimensions of a 
cross-section B-B of the resonator structure. The Si0 2 
layer 48' located outside of the perimeter of the first bot- 
tom electrode portion 50 may also be etched as needed. 
The first bottom electrode ponicn 50 may also be cov- 
J 5 erec by, for example, a thin gold fiim (not illustrated). 

Referring to Figures 16a-1ce. a next step includes 
sputtering ZnO at high temperature over the first bottom 
electrode portion 50 and over a selected portion of layer 
4£\ By using a mask layer #4, the ZnO is then patterned 
20 by wet etching to form a second ZnO layer 52 (i.e., a 
piezoelectric layer) having a thickness of, by example. 
2060nm. The patterning step is preferably performed in 
a manner so that a top surface c* the second ZnO layer 
52 has a width of, by example, 40C,Ltfn. This can be ap- 
25 predated in view of Figure 1 6c wnich illustrates a cross- 
section B-B cf the resonator. Also, ;he patterning step is 
preferably performed in a manner such that a bottom 
surface of the second ZnO layer 52 has edges which 
are spaced apart from other components of the resona- 
te tor by particular distances. By example, and referring to 
Figure 16c, an edge 52b of the second ZnO layer 52 is 
formed to be horizontally separated from comer edge 
45a of the Si0 2 layer 48' by a cis:ance of approximately 
4Cmm Also by example, and referring again to Figure 
35 1 7d. an edge 52b of the second ZnO layer 52 is formed 
to be horizontally separated frcm side 50b of the first 
bottom electrode portion layer 5C by a distance of about 
2Cum. Also, side 50b of the first bottom electrode portion 
layer 50 is horizontally separated from a corner edge 
40 4£b of the Si0 2 layer 48' by a distance of about 25um 
A next step of the process includes depositing SiO? 
(e g., PECVD Si0 2 ) over selected portions of the sec- 
ond ZnO layer 52, over selected portions of the Si0 2 
layer 48', and over selected portions of the first bottom 
electrode portion 50. Thereafter. AIN is deposited over 
the newly deposited Si0 2 layer for an etch stop layer. 
Using a mask level #5 (oxide passivation), the newly de- 
posited AIN and Si0 2 are then patterned by a wet etch- 
ing in F plasma to provide an AIN layer 56 (see dark 
so shaded line) and third Si0 2 layer 54 respectively, as are 
shown in Figures 17a-17d. The third Si0 2 layer has a 
thickness of, by example, 300nrr. The AIN layer 56 has 
a thickness of, by example, 50nm. It should be noted 
that only slight over-etching is performed in order to en- 
55 sure that the first bottom electrode portion 50 is not dam- 
aged. The result of the patterning step leaves a portion 
52a of a top surface of the second ZnO layer 52 and a 
portion 50a (Figure 17a) of a top surface of the first bot- 



55 



7 




torn elect roce portion 50 exposed to air. Also, the pat- 
terning step removes portions of the layers 54 and 56 : 
leaving oortions of the top surface of the Si02 layer 46* 
exposed to the air. By example, and referring to Figures 
I7d the paf.eming step creates side surfaces 54a and 
54b formed by the layers 54 and 56. The side surfaces 
54a and 54b are horizontally separated from each other 
by a distance of about 30um. As such, openings A' and 
B* (also referred to as "etch windows*) are formed in the 
structure on opposite sides of the piezoelectric layer 52, 
leaving oortions of the top surface of layer 48' exposed 
to air 

It should be noted that the dimensions illustrated in 
Figures 16c and 17d are intended to be exemplary di- 
mensions of the resonator structure, and are not intend- 
ed to be limiting of the invention's scope. Although the 
dimensions are shown for only the portion of the reso- 
nator shown in Figure 17d, these dimension are intend- 
ed to be representative of other similar portions of the 
resonator which are not shown in Figure 17d. 

Referring to Figures 18a-18c, further steps of the 
fabrication process may be understood. A top electrode 
58 and a second layer portion of the bottom electrode 
(hereinafter referred to as a "second bottom electrode 
portion) 60 are formed by: (a) sputtering molybdenum 
(Mo) over selected portions of the second ZnO layer 52 ? 
over selected portions of the AIN layer 56, and over se- 
lected portions of the first bottom electrode portion 50, 
and (b) patterning the sputtered Mo by etching in F plas- 
ma, using a mask level #6 (not illustrated). The top elec- 
trode 5c anc the second bottom electrode portion have 
thicknesses of by example. 300nm. Thereafter, select- 
ed portions of the Si0 2 layer 48' covering the cushion 
edges of the first ZnO layer 46 (e.g., cushion edges 44a 
and 44b) are removed by deep etching. The third Si0 2 
layer 54 remains protected by the AIN layer 56. The pro- 
tective photoresist is then removed in oxygen plasma. 
A next step includes spinning on a protective photoresist 
and patterning it by etching with a mask #7 (not illustrat- 
ed) to form vias 41 and 43 (Figure 19b). 

Dicing grooves are then formed by sawing between 
chips or wafers as needed, and thereafter the photore- 
sist is removed in, by example acetone. Also, referring 
to Figures I9a-19c, the first (cushion) ZnO layer 46 is 
removed by etching through openings A' and B' in dilute 
HAc + H 3 P0 4 to form air gap 62. After these steps of 
the fabrication process are completed, the performance 
characteristics of the resonator may then be tested with 
testing devices. Also, some of the Molybdenum may be 
removed as needed from the top electrode 58 and the 
second bottom electrode portion 60 by etching in F plas- 
ma. Once these steps have been completed, the wafer 
may be chipped by breaking along the grooves. 

A further aspect of the invention will now be de- 
scribed. Resonators included in circuits comprising volt- 
age dependent elements such as, by example, capaci- 
tors, are known to exhibit either parallel or series reso- 
nant frequencies which vary in frequency when the volt- 
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ace dependent elemenis are DC-biased Examples of 
two such circuits are illustrated in Figures 6 and 8. Fig- 
ure 6. for example, shows a circuit 110 including a ca- 
pacitor 1 1 2 which is connected in series with a resonator 
5 114 and ar. acl:ve cevice 115. In Figure 3, a circuit 1 1 3 
includes a capacitor 112 connected in series with an 
equivalent circuit of a resonator 114. When the DC-bi- 
ases of the variable voltage capacitors 112 of these cir- 
cuits 1 1 0 and 1 ' 3 are varied, the value of the series con- 
's nectec capacitance of the capacitors 112 is changed. 
As a result, series resonant frequencies exhibited by 
these circuits become shifted. The resonators 114, how- 
ever, remain unbiased and the equivalent circuit ele- 
menis (i.e series inductor, series capacitor, series re- 
15 sistor. and oaraiiel capacitor) of the rescnators 1 1 4 have 
constant values As such, it can be appreciated that the 
changes in the resonant frequencies of the circuits occur 
primarily as a result of the DC-bias cf the variable volt- 
age capacitors 112 only. 
20 The series resonant frequency of circuit 1 1 3 may be 

defined as 



where: 

Ls represents the equivalent circuit series inductor 

30 of resonator 1 1 4: Clot represents the combined capac- 
itance of the equivalent circuit series capacitor (Cs) of 
resonator "14 and the capacitor ("Ctun") 112; and Ctot 
= Cs*Ctun/(Cs-Ctun) 

At frecuencies that are below the series resonant 

35 frequency of the resonator 114, the resonator 114 acts 
like a capacitor. At frequencies that are above the series 
resonant frequency of the resonator 114, the resonator 
behaves like an inductor. Accordingly, it may be appre- 
ciated that the series resonant frequencies of the circuits 

40 110 and 1 1 3 can be shifted to above, and not below, the 
characteristic resonant frequency of the resonator 114. 
These frequencies are limited to the parallel resonant 
frequency of the resonator 114. 

An example of a circuit comprising a resonator con- 

45 nected in parallel with a capacitor is shov/n in. Figure 9. 
Referring to Figure 9, a circuit 113a is shown which in- 
cludes an equivalent circuit of a resonator 114 connect- 
ed in parallel with a capacitor 112. The resonator 114 of 
this circuit 113a exhibits a shift of its parallel resonant 

so frequency in response to a DC-biasing of the capacitor 
1 1 2 and a resultant voltage being applied across the res- 
onator 114 The shift causes the resonator 114 to have 
a different parallel resonant frequency than the resona- 
tor 114 yields without the applied voltage. 

55 The parallel resonant frequencies of circuit 11 3a 
can only be tuned to frequencies that are lower than the 
characteristic parallel resonant frequency of the resona- 
tor 114. The lower limit of such frequencies is the series 
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resonant frequency of (he resorator 1 1 d 

For the purposes of this description BAW resona- 
tors having series and paralie resonant frecuencies 
which shift in response to an ape ied voltage a-e referred 
to as "tunable resonators - . 

BAW resonators in accorcance with this invention 
exhibit shifts in their parallel and series resonant fre- 
quencies, and in their impedances in respcrse to DC- 
bias voltages being applied across the resonators This 
occurs in the following manner. When a bias voltage is 
applied to the electrodes of one of the resonators, an 
electric field having a magnitude that is a function of the 
bias voltage is created within the piezoeiectrc material 
located between the electrodes Tne electr c field caus- 
es the piezoelectric material to expand or compress de- 
pending upon the polarity of the bias voltage. As a result, 
the piezoelectric material exhibits a particular mechan- 
ical resonant frequency, a particular impedance, and 
particular parallel and series resonant frecuencies 
which are different than those exhibited by the piezoe- 
lectric material without the effect of the applied DC-bias 
voltage. As such, for a case in wricn the DC -bes voltage 
is supplied from a time-deperdent. variab-e voltage 
source, the application of the varying bias vortage to the 
resonator causes the electric field to vary as s function 
of the varying voltage. As a result thereof, the piezoe- 
lectric material is caused to rescnate at varying frequen- 
cies that are a function of time and the varying voltage, 
and to exhibit varying impedances that are a ""unci ion of 
the varying voltage. The bias voltage also may have 
some effect on parameters that are associated with the 
piezoelectric material. These parameters can also influ- 
ence the resonant frequencies 

Also, as a result of the vary-ng DC -bias voltage, the 
BAW resonators of the instant invention exhibit a max- 
imum phase shift response at particular frecuencies 
which vary as a function of the varying bias voltage. 

The impedance, gain, and phase "shifting* charac- 
teristics exhibited by the BAW -esonators may be ap- 
preciated in view of the circuits illustrated in Figures 7 
and 10, and also in view of Figures 11, 12a and 12b. 
By example. Figure 7 illustrates a circuit 110a including 
a resonator 114 which exhibits shifts in its impedance 
and parallel and series resonant frequencies, and which 
also exhibits a maximum phase shift response at a par- 
ticular frequency in response to an applied bias voltage. 
Similarly, Figure 10 illustrates a circuit 113c which in- 
cludes an equivalent circuit of a resonator (e.g. a BAW 
resonator) 114 which exhibits similar characteristics. 
Figure 11 illustrates a diagram showing measured 
phase and amplitude curves of an exemplary one port 
BAW resonator in response to applied bias voltages of 
-28 volts, 0 volts, and +28. The frequencies range from 
942MHz to 952MHz. Figure 12a illustrates a portion of 
the curves of Figure 1 1 , showing, in particular, the por- 
tion of the curves where the series resonance of the 
BAW resonator occurs. Figure 12b also shows a similar 
diagram for the portion of the curves where the parallel 



resonance of the resonator occurs 

The tunable BAW resonators of the invention may 
be utilized in various applications. By example, one or 
more of the resonators may be employed as a voltage 
5 dependent feedback element for a voltage controlled 
oscillator, or as a frequency controlling element in inte- 
grated oscillators. One or mere of the BAW resonators 
may also be utilized to create a filter having a tunable 
center frequency (e.g., for dual mode applications) For 

10 this application, a bandpass filter may be synthesized 
with the resonators. The resonators utilized in this ap- 
plication permit the filter to have an approximately fixed 
bandwidth since the parallel and series resonant fre- 
quencies of the resonators are separated by a substan- 

*s tially constant bandwidth. Moreover, because the BAW 
resonators are fully integratable devices, the filter and 
voltage controlled oscillator applications in which the 
resonators may be employed can be small in size. 
In addition to these applications, the inventor has 

20 determined that when a frequency signal (e g . in the 
KHz to MHz range) signal is applied to a BAW resonator 
the resonator may be utilized to amplitude modulate or 
phase modulate higher frequency RF carrier signals of 
interest. This can be appreciated in view of Figure la. 

25 which illustrates a device, namely a circuit 91 incorpo- 
rating a BAW resonator 102 for one of amplitude mod- 
ulating on phase modulating an RF carrier signal. Within 
the circuit 91 . the resonator 102 is connected in parallel 
with two circuit branches. A first one of the branches 

30 comprises a generator 90 for generating an RF carrier 
signal, a bandpass filter 92. and a low frequency block- 
ing capacitor 94. The second branch comprises a gen- 
erator 96 for generating a modulating low frequency sig- 
nal, a low pass filter 96 ; arc ar RF-choke 100. The res- 

35 onator 1 02 may be any known type of resonator, includ- 
ing by example, one of the resonators illustrated in Fig- 
ures 2a, 3, and 5. 

In an exemplary application in which the circuit 91 
is being employed to amplitude modulate an RF signal, 

^o the circuit 91 operates in the following manner. Gener- 
ator 96 generates a modulating low frequency signal 
which varies within a predetermined voltage range (e. 
g., between -30 volts, 0 vcits. and +30 volts) over a spec- 
ified time period. After the low frequency signal is pro- 

45 duced, it is filtered by iowpass Filter 98, and is thereafter 
applied to the RF-choke 100 which blocks RF signals. 
The RF-choke 100 then provides the low frequency sig- 
nal to the remaining portion of circuit 91 comprising res- 
onator 102. 

50 As the low frequency signal passes through the re- 
maining portion of circuit 91. the resonator 102 has a 
voltage applied across its electrodes 102a and 102b as 
a result of the signal. The voltage creates an electric 
field within piezoelectric material 102c between the 

55 electrodes 102a and 102b of the resonator 102. The 
electric field magnitude varies as a function of the time- 
varying voltage applied to the resonator 1 02 in response 
to the low frequency signal. The electric field effects the 
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piezoelectric material 102c in a manner similar to that 
described above, causing it to vibrate, which causes a 
frequency shift of the resonator's series and parallel 'es- 
onant frequencies and a shift of the resonator's imped- 
ance. The amounts by which the respective series and 5 
parallel resonances and the impedance are shifted are 
a function of the voltage variation of the low frequency 
signal and of the electric field variation. The bandwidth 
bounded by the parallel and series resonant frequencies 
remains substantially constant during the frequency 10 
shifts. 

The generator 90 generates an RF carrier signal 
having a frequency that is between the series and par- 
allel resonant frequencies exhibited by -the resonator 
1 02 in response to the applied modulating low frequency 15 
signal. Preferably, the generated RF carrier signal has 
a frequency which is within a frequency range in which 
the resonator exhibits a minimum phase shift in re- 
sponse to the applied modulating low frequency signal. 
By example, for a resonator having a frequency re- 20 
sponse such as the one shown in Figure 13b, which will 
be described below in more detail, a minimum phase 
shift occurs at approximately 963MHz. Similarly, for a 
resonator having a frequency response as that illustrat- 
ed in Figure 1 3d. which also will be described below, a 25 
minimum phase shift occurs at approximately 97SMHz. 
Thus, ideal carrier signal frequencies for these cases 
are approximately 963MHz and 978MHz, respectively. 

After the RF carrier signal is generated by generator 
90. it is filtered by the bandpass filter 92, and is then 30 
applied to low frequency blocking capacitor 94 which 
blocks any attendant low frequency signals. Thereafter 
the RF carrier signal is supplied :o the remaining portion 
of the circuit 91 comprising the resonator 102. 

The shifting of the impedance and of the series and 35 
parallel resonant frequencies exhibited by the resonator 
102 in response to the modulating low frequency signal 
cause a portion of the RF carrier signal traversing the 
circuit 91 between node 95 and output node 96 to pass 
through rescnator 1 02. The amount of this portion of the *o 
RF carrier signal depends upon the varying impedances 
and resonant frequencies exhibited by the resonator 
102. As a result, the strength of the RF carrier signal 
travelling between node 95 and output node 96 is atten- 
uated by time-varying amounts which are a function of ^5 
the voltage variation of the low frequency signal (i.e., 
the signal experiences a time-dependent, varying 
amount of insertion loss), thus resulting in an amplitude 
modulation of the carrier signal. By example, in an ex- 
emplary case wherein a resonator having a frequency 50 
response such as that of Figure 1 3b is employed for per- 
forming an amplitude modulation of a 963MHz carrier 
signal via a 500kHz modulating signal having voltages 
varying between -V..0V and +V r the carrier signal expe- 
riences a time-varying insertion loss of approximately ± 55 
2dB (see discussion of Figure 13b below). 

Circuit 93 illustrated in Figure 1b shows another em- 
bodiment of a circuit for performing amplitude modula- 
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ticn This circuit 93 comprises similar elements to those 
of circuit 91, except that resonator 102' is series-con- 
nected within the circuit 93, and a coil 1 04 is shown con- 
nected to ground. Similar to the operation of circuit 91. 
the generator 96 generates a low frequency modulating 
signal and generator 90 generates an RF carrier signal 
having a frequency that is between the series and par- 
allel resonant frequencies of the resonator 102'. The low 
frequency signal is then applied to elements 98 and 1 0C 
and the RF carrier signal is applied to elements 92 and 
94. which perform in the same manner as described 
above. The low frequency signal is then applied to res- 
onator 102' which, in response thereto, experiences an 
eleciric field between electrodes 102a' and 102b' within 
piezoelectric material 1 02c'. The electric field causes an 
impedance shift and a shift of the series and parallel res- 
onant frequencies of the resonator 102' as a function of 
the voltage variation of the low frequency signal, in a 
similar manner as described above. As such, after the 
RF carrier signal traverses circuit 93 from nodes 95 to 
resonator 102' and is applied to the resonator 102', the 
signal then experiences a varying, time-dependent at- 
tenuation, and becomes an amplitude modulated signal 
The amplitude modulated signal is then supplied to out- 
put node 96. The low frequency signal is directed to a 
low frequency ground via coil 104. 

As described above, the circuit 91 of Figure 1a may 
also be employed to phase modulate a carrier signal of 
interest. For this application, the circuit 91 is operated 
in a manner similar to that described above, except that 
the generator 90 generates a carrier signal having a fre- 
quency that is preferably approximately equal to the par- 
allel resonant frequency of the shunt-connected reso- 
nator 102. This is the frequency of which the resonator 
102 resonates and yields its maximum phase shift re- 
sponse as a result of the modulating low frequency sig- 
nal being applied to the resonator 102. As such, an ap- 
plication of a signal having this frequency to the resona- 
tor 102 results in a phase shift occurring to the signal by 
an amount which is a function of the modulating low fre- 
quency signal voltage variation. By example, for an ex- 
emplary case in which the resonator 102 has frequency 
response curves like those shown in Figure 13b, and 
wherein the low frequency signal applied to the resona- 
tor 102 has a voltage which varies between -V, 0V, and 
+V, a phase shift of approximately ± 28 degrees occurs 
to a carrier signal having a frequency of approximately 
977.5MHz. 

Circuit 93 of Figure 1b may also be employed to 
phase modulate a carrier signal of interest. For this ap- 
plication, the circuit 93 is operated in a manner similar 
to that described above except that generator 90 gen- 
erates a carrier signal having a frequency that is prefer- 
ably approximately equal to the series resonant fre- 
quency of the series-connected resonator 102*. This is 
the frequency of which the resonator 1 02' resonates and 
yields its maximum phase shift response as a result of 
the effect of the low frequency signal on the resonator 
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102' As such, an application of the carrier sicral to -es- 
onator 102' causes a phase shift to occur to tne ssgnal 
by an amount which : s a function of the modulating low 
frequency signal voltage variation. The phase shifted 
carrier signal is then suoclied to output node ?5. aid [he 5 
lew frequency signal is directed to a low frequency 
ground via coil 104. 

It should be noted that whether circuit 91 or circuit 
93 is best suited for a particular application depends up- 
on the impedances of the elements forming the respec- }< > 
tive circuits. By example, the shunt connected resonator 
configuration (Figure 1 a) performs most effectively for a 
high impedance circuit. 

The BAW resonators of this invention can perform 
amplitude or phase moculaticn to RF carrier signals '5 
having frequencies in the range from approximately 
500MHz to at least 3GHZ. and can operate at an RF 
power level which is at least ±30dBm. Moreover, the res- 
onators can perform these modulations in response to 
low frequency modulating signals having voltages of at ?o 
least ±30 volts and frequencies within the KHz to MHz 
range. Also, at least a 5% amplitude modulation of a car- 
rier signal has been observed in an application employ- 
ing a ±28 volt. 600KHZ modulating low frequency signal. 
However, at least a 30° 3 amplitude modulation of an RF 25 
carrier signal is achievable. Tne invention can also 
phase shift a carrier signal by at least one cegree per 
volt of the modulating low frequency signal. 

Figures 13a-13d illustrate frequency responses for 
various exemplary BAW resonators connected either in 30 
series or in parallel, ard having two ports c: specified 
impedances. For each Figure, the three gain response 
curves represent the amplitude versus frecuency re- 
sponses to negative, zero, and positive bias voltages, 
respectively. Similarly, the three phase response curves 35 
represent the phase versus frequency resoenses to 
negative, zero : and positive bias voltages, respectively. . 
Ideal carrier signal frequencies for achieving amplitude 
modulation and phase modulation for the particular res- 
onators are also indicated. 40 

Referring to Figure 1 3a. frecuency response curves 
of an exemplary two port BAW resonator which is shunt- 
connected are illustrated. The ports have high imped- 
ances of 1k0hm. For this example, the resonator has a 
layer of ZnO that is 2050nm thick, a layer of Si0 2 that 45 
is 400nm thick, and lateral dimensions of 330mm x 
330mm. 

Figure 1 3b illustrates a frequency response of a two 
port BAW resonator which is shunt-connected. The 
ports have high impedances (e.g., 1 kOhm). For this ex- so 
ample, the resonator has a layer of ZnO that is 1650mm 
thick, a layer of Si0 2 that is 1140nm thick, and lateral 
dimensions of 330mm x 330mm. Also, as described 
above, the application of a low frequency (e.g. , 600kHz) 
signal to the resonator causes a time-varying insertion 55 
loss of approximately ±2dB to be experienced by a 
963MHz carrier signal. 

Figure 1 3c illustrates a frequency response of a two 



port BAW resonator which is series-connected The 
ports have low impedances (e.g., 20 Ohm). For this ex- 
ample, the resonator has an area of 170mm x 170mm, 
ard has a high impedance. 

Figure 1 3d illustrates a frequency response of an 
exemplary two sort BAW resonator which is series-con- 
nected The pe ts have low impedances (e.g., 50 Ohm). 
For this example, the resonator has an area of 232mm 
x 232mm. corresponding to an impedance of approxi- 
mately 50 Ohrrs. Also, for this example, an application 
of a low frequency (e.g., 600KHz) signal to the resonator 
causes a time dependent insertion loss of approximately 
±3dB to be experienced by a carrier signal having a fre- 
quency of 97=MHz. 

Figure 1 «±a illustrates a frequency response of a se- 
nes-connectec resonator in response to an applied DC- 
bias voltage of +25 V, OV, and -2SV. Figure 14b illus- 
trates a measured gain response of the resonator in re- 
sponse to an RF carrier signal having a frequency of 
951MHz and a low frequency modulating signal having 
a frequency of SOOKHz and an amplitude of 3 Vpp. Side- 
band spikes occur at 500kHz as shown in Figure 14b. 

While the invention has been particularly shown 
ard describee with respect to preferred embodiments 
thereof it will he understood by those skilled in the art 
that changes in form and details may be made therein 
without cepaaing from the scope and spirit of the inven- 
tion. 

The scope or" the present disclosure includes any 
novel feature or combination of features disclosed 
therein either explicitly or implicitly or any generalisation 
thereof irrespective of whether or not it relates to the 
claimed invention or mitigates any or all of the problems 
acdressed by the present invention. The applicant here- 
by gives notice that new claims may be formulated to 
such features during prosecution of this application or 
of any such fur.her application derived therefrom. 



Claims 

1. A Bulk Acoustic Wave (BAW) resonator, compris- 
ing: 

a substrate; 
resonating means; 

a first electrode situated adjacent to a first sur- 
face of said resonating means; 
a second electrode situated adjacent to a sec- 
ond surface of said resonating means: 
a membrane situated between said second 
electrode and said substrate; and 
an etch window; and 

a gap separating at least a portion of said sub- 
strate from at least a portion of said membrane, 
said gap being formed by removing a portion of 
said substrate through said etch window; 
wherein said resonating means resonates in re- 
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sponse to an electric field crcduced 
saic firs; and second electrrces as a result of 
a voiiace that is applied therebetween, and 
wherein said gap inhibits vibrations produced 
by said resonating means from said substrate. 

2. A Bulk Acoustic Wave resona:cr as set forth in 
Claim 1 wnerein said membrare comprises a first 
layer and a second layer. 

3. A Bulk Acoustic Wave resonator as set forth in 
Claim 2. wherein said first layer comprises at least 
one of posy-silicon (poly-si) and aluminum nitride 
(AIIM). arc wherein said second iayer comprises at 
least one of silicon dioxide (3i0 2 ) and gallium arse- 
nide (GaAs) 

4. A Bulk Acoustic Wave resonator according to any 
of the preceding claims, wherein said first and sec- 
ond electrodes are comprised cf gold (Au). 

5. A Bulk Acoustic Wave resonator according to any 
of the preceding claims, wherein said resonating 
means comprises at least one of zinc-oxide (ZnO) 
and aluminum nitride (AIN). 

6. A Bulk Acoustic Wave resonator according to any 
of the preceding claims, wherein said substrate 
comprises at least one of silicon (Si), silicon dioxide 
(Si0 2 ). gallium arsenide (GaAs), glass, and a ce- 
ramic material. 

7 An amp itude modulator circuit, comprising: 

a variable voltage generator tor generating a 
low frequency signal having a time-varying volt- 
age. 

a tunable resonator coupled to said variable 
voltage generator, saic tunable resonator ex- 
hibiting parallel and series resonances at fre- 
quencies which shift as a function of voltage; 
and 

means for generating an RF carrier signal hav- 
ing a frequency that is between a parallel res- 
onant frequency and a series resonant frequen- 
cy exhibited by said tunable resonator in re- 
sponse to a signal output by said variable volt- 
age generator; 

wherein, in response to both of a the low fre- 
quency signal being output by said variable 
voltage generator and an RF signal being out- 
put by said RF carrier signal generator, said 
tunable resonator causes the RF carrier signal 
to be attenuated by amounts that are a function 
of the time-varying voltage of the modulating 
low frequency signal, thereby amplitude modu- 
lating the RF carrier signal. 



11. A phase modulator circuit as set forth in Claim 10, 
wherein said RF carrier signal generator generates 
a signal having a frequency that is substantially 
equal to said parallel resonant frequency for a case 
in which said resonator is connected within said tun- 
able circuit in a parallel configuration, and wherein 
45 said RF carrier signal generator generates a signal 

having said series resonant frequency for a case in 
which said tunable resonator is connected within 
said circuit in a series configuration. 

so 12. A method lor amplitude modulating a signal, com- 
prising the steps of: 

applying a modulating low frequency signal 
having a time-varying voltage to a tunable res- 
55 onator, the tunable resonator exhibiting parallel 

and series resonances at frequencies which 
shift by amounts that are a function of the time- 
varying voltage; and 



8. An amolitude moduiator circuit as set forth in Claim 
7. wherein said resonator is connected within said 
circuit in one of a parallel configuration and a series 
configuration. 

5 

9. An amplitude moduiator circuit according to claim 7 
or claim 3 wherein said RF carrier signal generator 
generates an RF carrier signal having a frequency 
which is within a range of frequencies over which 

10 said tunable resonaior yields aminimum phase shift 

in response to a signal output by said variable volt- 
age generator. 

10. A phase modulator circuit, comprising: 

15 

a variable voltage signal generator for generat- 
ing a low frequency signal having a time-vary- 
ing voltage: 

a tunable resonator, said tunable resonator 

20 yielding a maximum phase shift at one of a par- 

allel resonant frequency and a series resonator 
frequency in response to a modulating low fre- 
quency signal output by said variable voltage 
signal generator: and 

25 means for generating an RF carrier signal hav- 

ing a frequency that is substantially equal to 
said one of a parallel resonant frequency and 
a series resonant frequency; 
wherein, in response to both of a modulating 

30 low frequency signal being output by said var- 

iable voltage signal generator and an RF carrier 
signal being output by said RF carrier signal 
generator, said tunable resonator causes the 
RF carrier signal to be phase shifted by an 

35 amount that is a function of a variation of the 

modulating low frequency signal voltage, there- 
by forming a phase-modulated signal. 

40 
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applying an RF carrier signal havirg a frequen- 
cy that is between the parallel resonant fre- 
quency and the series resonant frequency to 
the tunable resonator, wherein in response 
thereto, the tunable resonator causes the RF 5 
carrier signal to be attenuated as a (unction of 
the time-varying voltage of 'he modulating low 
frequency signal, thereby amplitude modulat- 
ing said RF carrier signal 

70 

13. A method as set forth in Claim 1 2. wherein the RF 
carrier signal has a frequency which is approxi- 
mately equal to one of which the resonator yields a 
minimum phase shift in response to the modulating 
low frequency signal. ^ 

1 4. A method for phase modulating a stgna:. comprising 
the steps of: 

applying a modulating low frequency signal 20 
having a time-varying voltage to a tunable res- 
onator, the tunable resonator yielding a maxi- 
mum phase shift at one of a parallel resonant 
frequency and a series resonant frequency sn 
response to the modulating low frequency sig- 25 
nal, wherein the amount of phase shift yielded 
is a function of a variation of the voltage of the 
modulating low frequency signal: and 
applying an RF carrier signal having a frequen- 
cy that is substantially equal to said one of a 30 
parallel resonant frequency and a series reso- 
nant frequency, wherein in response thereto, 
the tunable resonator phase shifts the RF car- 
rier signal by the amount of phase shift yielded 
by the tunable resonator, thereby phase mod- 3$ 
ulating said RF carrier signal. 

15. A method as set forth in Claim 14, wherein the RF 
carrier signal has a frequency that is substantially 
equal to said series resonant frequency for a case *o 
in which the tunable resonator is connected in se- 
ries, and wherein the RF carrier signal has a fre- 
quency that is substantially equal to said parallel 
resonant frequency for a case in which the tunable 
resonator is.connected in parallel. 45 
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